For the evaluation of vertical turbulent fluxes over wide areas such as oceans, it is difficult to measure three dimensional turbulent fluctuations, mean vertical profiles of wind speed, potential air temperature and humidity over the whole area in question. Accordingly, for practical purposes a simple and more convenient evaluating method should be developed.
Accordingly, for practical purposes a simple and more convenient evaluating method should be developed.
In this paper, such a method is developed by use of flux-profile relationship. For obtaining solutions, simultaneous transcendental equations are solved by an iterative method.
The following properties of turbulent fluxes are studied in this paper :
(1) Estimation of mean roughness height by our bulk method shows good agreement with the one by the extrapolation method of lower profiles of mean wind velocities under the best neutral condition.
And also it is found that there exists an optimum choice of measurement levels to make errors of estimated Z0 minimum.
(2) The fluxes of sensible heat and momentum agree relatively well with the ones obtained by direct measurement, but as latent heat fluxes become larger, the values obtained by the bulk method tend to be larger than the directly measured ones.
(3) The fluxes of momentum, sensible heat and latent heat obtained by our bulk method over the sea agree very well with ones obtained by Kondo's bulk formulae.
(4) Diurnal variation of sensible heat flux obtained by our method shows good correspondence with that of net radiation and cloud amounts.
(5) Momentum fluxes calculated by our bulk method vary a little with the two measurement levels except under stable condition. And relative errors of estimated fluxes to the directly measured average fluxes are 30% to 50% about in the middle levels of profiles, except near neutral condition.
On the other hand, the variations of sensible heat fluxes with the two measurement levels are relatively small under diabetic condition and relative errors of them are also minimum in the middle of profiles. Therefore many studies on the so-called bulk method have been done since H. U. Sverdrup (1937) proposed a formula to estimate evaporation from the sea surface.
Some of those studies, however, utilized the mean wind velocity, potential air temperature and water vapor pressure observed on ship board and sea-surface temperature. Therefore, they had to integrate these values over the whole of the surface boundary layer.
These methods were also applied to the estimation of evaporation from extensive land surfaces by C. W. Thornthwaite and B. Holzman (1939) . In order to eliminate the roughness parameter from the formula, they proposed another formula which used wind velocities, water vapor pressures observed at two levels in the surface boundary layer.
H. A. Panofsky (1963) pointed out that when momentum flux is evaluated by the wind velocities in the surface boundary layer, values V* and Z, are not reliable unless the wind velocities are measured at more than two levels or the two measurement levels are located sufficiently apart from each other.
W. C. Jacobs (1942, 1951) deduced aerodynamical bulk coefficients from amounts of evaporation which were estimated from the heat balance on the sea surface.
Although his coefficients are now widely utilized, they should be understood as climatic values.
J. Kondo (1975) clarified the relation between aerodynamical roughness height over the sea surface and roughness Reynold's number.
This number is related to the representative height of geometric roughness caused by wind wave.
Further, he showed that there are three regions of the drag coefficient, which are dependent on the wind velocity at 10 m height above the sea surface.
He expressed the bulk transfer coefficient for diabetic condition by a practical index of atmospheric stability which is obtainable from available data of wind speed and air temperature at a single level above the sea surface and of the sea-surface temperature.
Following the works mentioned above, the present author will discuss a method for evaluation of momentum, sensible heat and latent heat fluxes by using meteorological elements observed at one or two levels in the surface boundary layer.
In this study, the mean vertical profiles of the elements will be combined to the fluxes through the dimensionless shear function 0 and the effect of thermal stability on fluxes is also taken into account. If the two levels are selected so as to get significant difference of meteorological elements, precise evaluation of turbulent fluxes become possible. For example, if the roughness height Z© is known, and the values of meteorological elements at Z=Z0 necessary to the computation are evaluated from the observed data on the surface and so on, the fluxes may be calculated. This case corresponds to the so-called bulk method in a narrow sense. where scaling, parameters v*, 0*, q* are defined as follows :
List of
and the following types of functions are used here as dimensionless shear functions OM, OH and 0E.:
Under unstable stratification, Type for Om was the formula previously proposed by A. J. Dyer and B. B. Hicks (1970 ), C. A. Paulson (1970 ), S. Ito (1970 and S. Nemoto (1972) . cbH is the one by S. Ito and S. Nemoto, OE is the one by Dyer, Hicks, S. Ito and S. Nemoto.
Under stable condition,
where OM, OH are formulae proposed by E. K. Webb (1970) and OE is the one by S. Ito and S. Nemoto.
The 01-function which gives correction values of profiles due to thermal stability are given by the following integral :
where These 0i-functions are shown in Table 1 .
The basic equation system shown above was solved by the iteration method.
In actual calculation, numerical values of 5 X 10' cm/sec, 1X 10' °K. and 1 X 10-2 g/kg were respectively assigned to the tolerance limits, 1v*'-v*nl I O*n+1--0*ni and lq*n+l-q*nl. Then the solutions ordinary converged by 3-4 steps.
Requirements of severe precision for convergence increase the number of iteration. steps and then the characteristics of convergence must be checked. Fig. 1 shows the convergence process of v* and 0*. In this case, the tolerance limits are 5 X 10' cm/sec and 1 x 10' °K respectively.
Data of Wangara Experiment (1967) were applied to our tests.
Early in the morning, 17th July, the lower atmosphere was very stable, that is, the bulk gradient Richardson number, Ri(1, 4), was equal to +0.112. In such a stable case, the solutions of v*and 0*monotonously converged by 16 steps.
In the case of the daytime, 19th July, the lower layer was very unstable, or Ri(1, 4) was equal to -0.129, and the solutions also converged by six steps after some oscillations as shown in the right hand part of Fig. 1 .
In actual calculation of our cases which cover a wide range of thermal stability, the tolerance limits were 5X 10' cm/sec and lx 10-2 K. Then the solution converged by 3-4 steps. It seems that convergency of solution is assured, so far as our dimensionless functions are used. Fluxes, z-, H, E, roughness height Z0, DO and D7 are calculated by means of ( 5 )- ( 7) and (15)- (17) which were derived on the assumption that Z1, Z2> Z0. CD, CH and CE are defined by enuations (12) In the present bulk method, Z and Z© (roughness height) given by Eq. (22) were selected for two measurement heights.
Vertical profiles of wind speed, temperature and vapor pressure measured by the group of Okayama University in AMTEX '75 (1977) were applied to actual calculation for comparisons. The calculation method will be explained in section 6. Fig. 2 to Fig. 4 show the results of comparisons on v, H and E respectively. Correlation coefficients (R), root mean squares (R.M.S.) and sample size (N) are tabulated in Table 2 .
One to one correspondence is very remarkable.
Next, the comparisons of fluxes calculated from the iterative bulk method with directly measured fluxes are shown.
The estimated values of sensible heat flux by Dyer's fluxatron (1967) are listed in the data book of the Wangara Experiment. So it was possible to compare the sensible heat fluxes obtained by fluxatron with those obtained by our bulk method and 46 unstable data were used for comparison. Run data were sampled at random out of all runs. Fig. 6 to Fig. 8 show the results of comparison classified with thermal stability. In this case, near neutral condition is defined Table 3 . Under near neutral condition, the two estimates agree well with each other. In unstable condition, as seen in Fig. 7 , the scattered points relatively disperse.
Therefore correlation coefficients seem to be somewhat less and root mean squares are larger than neutral condition.
On the other hand, under stable condition, correlation coefficients are very small but root mean squares are relatively small, since it seems that range of measurements is too narrow to detect enough significant difference of estimates.
In the Kansas Experiment, at heights 5.66 m and 22.63 m, momentum fluxes were directly measured by eddy correlation method. Fig. 9 to Fig. 10 show the comparison of shearing stress calculated from the iterative bulk method with directly measured ones.
In the calculation of bulk method, mean wind speeds at the height pairs of (4 m, 8 m) and (16 m, 32 m) were used. The shearing stress obtained by the bulk method tends to be larger than the directly measured fluxes as the shearing stress increases. Such a trend may be partly attributed to unfitness for ç5M under unstable condition. At height 22.63 m, it seems that such a trend is amplified due to the unfitness of Om to the wind profile. The results of comparison are tabulated in Table 4 .
Third, the fluxes calculated from the iterative bulk method over the sea surface are compared with the directly measured fluxes. In the iterative bulk method, Z and Zo given by Eq. (22) were selected for two measurement heights. Data of the vertical profiles of wind speed, temperature and specific humidity and the turbulent fluxes obtained in AMTEX '75 were applied to the practical calculation of comparisons. Fig. 11 shows the comparison of 7 calculated from the iterative bulk method with those obtained by the eddy correlation method.
The two estimates correspond well. Fig. 12 shows the results of comparison between the two estimates of sensible heat flux measured by the group of M.R.I. on and -puiwi (eddy correlation method) over the sea surface at Tarama island in AMTEX '75.
Miyako island.
One to one correspondence is very remarkable. Fig. 13 On 9th Aug., more than 90% of the sky was covered all day with alto-stratus and cumulo- seems to correspond much better to the net radiation than HF. The example on 10th Aug., shows that HB is more sensitive than HF to the cloud amounts.
On 11th, it was fine in the morning, but in the afternoon the sky cover was 80-90%. The sensible heat fluxes obtained by the bulk method agree well with the directly measured fluxes, except for the maximum value, and also indicate better correspondence to the variation of net radiation. On 12th the wind was very strong, i.e., 6-10 m/sec, and the sky cover was 60-75% with cumulus.
The diurnal variation of sensible heat flux has the maximum value at 13 hours one hour after the peak of net radiation ; and thereafter the amount of heat flux decreases rapidly.
As a general tendency, the sensible heat fluxes by the bulk method agree with the directly measured ones.
Estimation
of roughness height, Z0 by the iterative bulk method R. H. Clarke et al. (1970) On the other hand, the mean value and standard deviation of Zo calculated from the iterative bulk method using all data observed at the station 5 of the Wangara Experiment under the condition of IRO, 4)1 0.03 are 1.37 mm and 0.06 mm.
The dependency of Z© on wind direction is also insignificant in our calculation as shown in Fig. 16 . Taking the less neutral data in our calculation into consideration, the mean value of Zo calculated by the iterative bulk method seems to agree with that obtained by R. H. Clarke et al.
Next, according to three categories of thermal stability which were defined earlier, relative errors of ZoB to Zop were calculated from the following formula, using the data obtained in the Kansas Experiment.
where ZoB indicates the roughness height calculated from our bulk method and Zop, the one that J. A. Businger et al. (1971) obtained from the extrapolation of lower wind profile, 2.4 cm. These values are tabulated in Table 5 . Under near neutral condition, the relative error is 23% at the minimum ; and then it is found that the optimum selection of two measurement heights may be (2 m, 16 m) or (4 m, 16 m). However, the upper and lower parts of wind profile give relatively large errors.
On the other hand, under unstable condition, errors become generally smaller and the optimum selection of two measurements heights may be found in the pairs of (4 m, 8 m) or (2 m, 16 m) . Under stable condition, errors become generally larger except below 8 m height.
In this table, the signs AVG and R.E. indicate sample average and relative error respectively, and a line of " Mean " indicates the averaged. ZOB obtained from all pairs of two measurement heights, C.V., coefficient of variability.
6. The iterative bulk method over the sea and the effect of vapor flux on sensible heat flux
In general, the available data over the sea are wind speed, air temperature at the certain height and sea surface temperature.
Therefore, the so-called bulk methods, such as Kondo's bulk formulae, may, be applied in this case. In applying the iterative bulk method to obtain the fluxes over the sea, it is preferable to choose level Z0 as one of the reference levels.
H. Charnock (1955) suggested the following relation as to Z, from dimensional consideration :
Z0---=-mv*2/g, (22) where the numerical value, 18x 10 is assigned to the proportionality constants, m. An initial value of Zo in the iterative calculation was taken to be 0.03 cm.
When we apply our bulk method to the boundary layer over the sea in low latitudes, it is necessary to consider the effect of water vapor on stability length L. In such a condition, we may replace 0(Z), 0* in Eq. (2) by virtual potential temperature 0,(Z), 0,respectively Equation (4) also may be replaced by Eq. (24) Fig. 17 shows the effects of water vapor on the sensible heat flux and stability length L. The ordinate represents the ratio of the heat fluxes including water vapor effect to the ones obtained under dry condition, and the abscissa indicates water vapor pressure "e" ( mb).
When ë is less than 20 mb, sensible heat flux increases by 2% at most.
Near the sea surface in the middle and low latitudes particularly in summer, high vapor pressure of 30-40 mb is frequently expected.
In such a case, sensible heat flux will increase by 6-8% and the effect of water vapor may not be ignored.
The variation of values of turbulent fluxes with the measurement heights
Using the data of the Kansas Experiment, the problem of optimum choice of heights in the present bulk method is discussed by surveying the variation of momentum and sensible heat fluxes with the measurement heights as tabulated in Table 6 . Under near neutral and unstable condition, the momentum flux obtained by the bulk method changes a little with the measurement heights.
However, under stable condition, variation of momentum fluxes with the measurement heights is relatively large, which may mean that when height difference is small, accurate wind shear can't be obtained.
On the other hand, if wind speeds at the upper part of profile are used, correction of logarithmic profile by 0i-function may be insufficient.
Under near neutral condition, sensible heat fluxes have small values upward and downward.
Accordingly, averaged fluxes are justly small and therefore coefficient of variability becomes larger. But, under unstable and stable condition, the vertical variations of sensible heat flux are within the range of 20% to their mean values.
Next, relative errors of -v*2 and -0*v* to u'w' and O'w' were tabulated in Table 6 . -v*2 and -0*v* indicate momentum and heat flux calculated from the bulk method, u'w' and 8'w', directly measured fluxes. Under near neutral condition, the relative error of momentum flux reaches to about 35-50%. Under unstable condition, minimum errors are 27-30% and they are found at the pairs of measurement height of (4 m, 16 m) or (2 m, 16 m). On the other hand, under stable condition, lower profiles may give smaller errors.
Relative errors of sensible heat fluxes are in general smaller than those of momentum fluxes, under diabatic condition. Under unstable condition, the pairs of measurement levels which give relatively small errors may be (4 m, 16 m) and (4 m, 32 m). On the other hand, under stable condition, minimum error is found at the measurement levels of (2 m, 8 m).
On the whole, at the middle part of the profile, the relative error tends to be small, except under neutral condition. This may mean that the friction velocity estimated from two measurement heights which are near each other has a larger error.
Finally, as examples, comparisons of sensible heat and momentum fluxes at heights 1 m and 4 m to those at heights 1 m and 8 m are given in Figs. 18 and 19 . These values were obtained from the mean profiles of air temperature and wind speed which were measured by the UCLA group in the O 'Neill Experiment, 1953 (1957 . The two estimates of fluxes correspond to each other very well and R.M.S. were 0.06 ly min.-1 and 0.305 dyne/ cm' respectively, but a comparison of shearing stress shows that the stresses based on the data at heights 1 m and 8 m are slightly larger than other (see Fig. 19 ). 8. Summary
(1) The fluxes of momentum, sensible and latent heat calculated by the iterative bulk method were compared with those obtained by Kondo's bulk method (one height bulk method). Correspondence of the two estimates was very good and gave small root mean squares.
(2) The values of roughness height, Zo, obtained by the iterative bulk method corresponded to those obtained from the extrapolation of lower wind profile under neutral condition. It was found that the optimum selection of two measurement heights was On the other hand, under diabatic condition, optimum selection of two measurement heights was found in the pair (2 m, 8 m) or (2 m, 16 m).
(3) Momentum, sensible and latent heat fluxes obtained by the iterative bulk method over the sea surface were compared with those evaluated by the eddy correlation method.
The two estimates corresponded very well except for latent heat fluxes. Near the sea surface in the middle and low latitudes, particularly in summer, where a high vapor pressure of 30 -40 mb is expected, sensible heat flux will increase by 6-8% and the effect of water vapor may not be ignored. 
